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Abstract
The integrity of our DNA is constantly under threat from many internal and external factors. If
the cell cannot properly protect the integrity of DNA, errors (lesions) in DNA may form which can
lead to cancer. Most of these lesions serve as a roadblock to the protein, DNA polymerase (Pol),
that replicates the DNA during cell division. The mechanism that is employed to read through
these errors is called translesion DNA synthesis (TLS). During this process, a special class of DNA
polymerases known as TLS DNA Pols that can tolerate and bypass the lesions in DNA are
employed by the cell. The objective of this research is to synthesize and purify the human TLS
DNA polymerase kappa (Pol κ) and study the interaction of Pol κ with DNA using optical tweezers.
A purification protocol for Pol κ was successfully developed and accomplished by consecutive
chromatography using affinity, ion-exchange, and size-exclusion columns. This provided us with
the necessary level of purification for studies at the single-molecule level. A dual-beam optical
tweezers set-up that uses two counter-propagating lasers finely focused inside a flow-cell was
used to trap a single DNA molecule. The trapped DNA was stretched in the presence of various
concentrations of Pol κ and in the absence of Pol κ to obtain the force felt by DNA as a function
of extension. The preliminary results suggest that Pol κ can bind to both double-stranded and
single-stranded DNA with slow binding kinetics in the order of seconds. To our knowledge, this is
the first attempt to explore the binding of Pol κ to DNA at the single-molecule level. Complete
characterization of the binding with this technique will provide us with a better understanding of
Pol κ binding mechanism to DNA at the molecular level and help us develop therapeutics that
target translesion synthesis.
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Introduction
Cell Division
All living organisms are made up of building blocks called cells. Cells are microscopic structures
that consist of at least a cell membrane that contains a viscous aqueous solution (the cytoplasm)
and the genetic basis of life, deoxyribonucleic acid (DNA). Although cells come in many different
shapes, sizes, and components, they can be categorized into two major types: eukaryotic and
prokaryotic. The ones known as Eukaryotic cells are found in animals, plants, fungi, and protists;
as depicted in Figure 1 [1]. The cell membrane can be seen surrounding the cytoplasm whereas
the nucleus and all other organelles are embedded in the cytoplasm. The nucleus is a membranebound organelle that stores and protects DNA from its surroundings [2].

Nucleus

Cell
Membrane
Cytoplasm

Figure 1: Diagram of the eukaryotic cell where the DNA is stored in the nucleus. Figure reproduced from
reference 1 with added annotations.
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Simple organisms like bacteria are made up of prokaryotic cells, the second type of cells. These
types of cells consist of no membrane-bound organelles.
As people and other multicellular organisms grow or repair wounds, new cells must be made to
support this growth and tissue repair. To create new cells, cells divide to produce two daughter
cells from one parent cell, this process is known as cell division. Cell division is comprised of two
major steps, interphase and mitosis. Interphase is broken up further into three phases; G1
(Growth phase 1), S (DNA Synthesis phase) and G2 (Growth phase 2) [2]. The second phase is
known as S phase which is of importance to this research. It is called S phase because the DNA is
being synthesized (replicated) so that each daughter cell can have its own DNA [3].
The S phase of the cell division cycle, or more specifically DNA replication, is of significant
importance to all life and thus is part of the central dogma of biology. DNA replication involves
many proteins working together to create two DNA molecules from one through the semiconservative model. This model describes how each resulting double-stranded DNA is made of a
hybrid of one parent stand and one daughter strand of DNA [4, 5]. We need to understand the
structure of DNA to comprehend DNA replication.

DNA Structure
The hereditary material of all life on earth comes in the form of DNA. DNA is a true polymer that
consist of a sequence of four different monomers called nucleotides. The sequence in which the
nucleotides are ordered gives rise to our individual uniqueness at the molecular and macroscopic
levels. Two strands of DNA come together and twist around each other to form a double-stranded
P age |7

DNA (dsDNA) molecule, the typical structure of DNA. The overall DNA structure is known as a
double helix [6], which is similar to a twisted ladder with rungs (Figure 2) [2]. The rails of the
ladder are referred to as the sugar-phosphate backbone and the rungs consist of four different
nitrogenous bases: Guanine (G), Adenine (A), Cytosine (C), and Thymine(T). The double helix is
twisted in a way that creates a minor and major groove along the surface [4, 6].
a

b
3’

5’

Deoxyribose
Sugar
Nitrogenous
Base
Phosphate
Guanine
Adenine
Cytosine
Thymine

5’

Minor
Groove

Major
Groove

3’

Figure 2: (a) Cartoon representation of two DNA polymer strands coming together shown as a simple ladder
with the color-coded bases (left) and the typical twisted ladder-shaped double helix (right). (b) Ball and stick
structure of an actual double-stranded DNA molecule, where one strand is shown in red and the other in
blue forming major and minor grooves. Figure 2a reproduced from reference 2 and Figure 2b reproduced
from PDB 1BNA with added annotations.

The end of each single strand of DNA is labeled as either 3’ or 5’ depending on the direction the
nucleotide on the end is facing. The five carbons in the Deoxyribose sugar moiety are numbered
as 1’ to 5’ starting with carbon that is associated with the Nitrogenous base [4], as depicted in
Figure 3.

P age |8

Phosphate Groups

Deoxyribose
Sugar

Nitrogenous Base

Figure 3: A single nucleotide consisting of three phosphates, a sugar, and a nitrogenous base.

If the 3’ carbon of the sugar is not attached to another nucleotide, it is the DNA’s 3’ end.
Consequently, if the phosphate groups attached to the 5’ carbon are not polymerized with
another nucleotide, it is the DNA’s 5’ end. The two strands run antiparallel to each other in a DNA
molecule, and this directionality is an important characteristic of DNA [4].
The chemical structure of the four nitrogenous bases A, T, G and C are shown in Figure 4. The
base can be classified as a purine if it is made of two rings, or a pyrimidine if it is only made of
one ring. Each nitrogenous base has its counterpart which follows Watson-Crick rule of base
pairing based on stoichiometry that Chargaff proposed [7]. A pairs with T through two hydrogen
bonds and C pairs with G with three hydrogen bonds.

U

C

G

T

A
A

Figure 4: Nucleotide base pairs where G pairs with C through 3 hydrogen bonds shown by the broken lines
(left), A pairs with T through 2 hydrogen bonds (middle) in DNA and A pairs with U through 2 hydrogen
bonds in RNA.
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Another base pair in Figure 4 is shown with U (uracil) which is a nitrogenous base that is not
found in DNA and binds with A. However, it can be found in another polymer in the same family
as DNA, that polymer is ribonucleic acid (RNA). RNA also consists of the sugar-phosphate
backbone and nitrogenous bases however, unlike DNA, they have a ribose sugar. RNA has
multiple functions in the cell including but not limited to synthesizing proteins, facilitating
chemical reactions, and providing structure. Unlike DNA, RNA is typically single-stranded.
The two strands in dsDNA are held together by the hydrogen bonds between the nitrogenous
bases [4, 6]. Although hydrogen bonds between base pairs do contribute to the stability of the
overall dsDNA structure, another intermolecular force (commonly referred as base stacking in
the case of DNA) plays a larger role in stabilizing its structure [8]. This force arises due to pi-pi
stacking interactions and explains how a class of molecules labeled aromatic can form
noncovalent bonds. In an atom or molecule, electron orbits are described by different threedimensional shapes inside which electrons reside. Electrons in p-orbitals (a dumbbell-shaped
orbital) can partake in pi-pi bonding interactions (Figure 5). Aromatic molecules contain electrons
in p-orbitals which are delocalized across the whole molecule or moiety [9].

Figure 5: P-orbitals of benzene (left) will overlap with adjacent pi orbitals to create a delocalized electron
system (right). Electrons can freely move around in the overlapping orbitals and are not confined to a single
atom.
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In Figure 6, the pi-pi stacking forces of benzene rings (six-carbon aromatic rings, C6H6) are
depicted. The delocalized electrons in benzene spend more time around the carbons as opposed
to the hydrogens [9, 10].
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δ+
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δ+
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δ+
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δ+

δ-

δ+

δ-

δ-

δ+

Eclipsed Stacked

δ+

δ+

Displaced Stacked

Figure 6: Delocalized electrons (red clouds) creating partial negative charge around carbon and partial
positive charges near hydrogen acting as a source for the pi-pi stacking forces between benzene rings
(black). The 'δ' symbol indicates a partial charge. Attractive interactions (light blue arrows) and repulsive
interactions (orange arrows) shown for both eclipsed stacked (left) and displaced stacked (right)
configurations indicate that the displaced stacking is more stable.

Keeping in mind electrons are negatively charged, this creates a partial negative charge around
the carbons and a partial positive around the hydrogens. Thus, two benzenes will stack in a
displaced conformation to create the least space between opposite charges which experience an
attractive force [10]. This same phenomenon occurs between the adjacent nitrogenous bases of
DNA and contributes the largest portion of stability to the molecule [8].
Hydrogen-bonding and pi-pi stacking determine how much force is required for a dsDNA
molecule to be physically torn apart into two single-stranded DNA (ssDNA) strands. The force
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required to pull the strands apart is not constant across the length of the DNA, some regions take
more force than others to pull apart. Regions rich in G and C nucleotides have greater pi-pi
stacking forces and more hydrogen bonds, compared to A and T nucleotide rich regions.
Therefore, G-C rich regions require higher force to pull apart, compared to A-T rich regions [10].
Our bodies take advantage of this property during DNA replication; a protein known as the
initiator protein will bind to regions rich in A and T bases and start to break apart the dsDNA into
ssDNA [2]. We will investigate DNA replication in more detail in the next section.

DNA Replication
As mentioned in the previous section, during the DNA replication an initiator protein binds and
breaks apart hydrogen-bonded base pairs in an A-T rich region known as the origin of replication.
A protein called Helicase will follow up by “unzipping” the DNA molecule in one direction (Figure
7) [11]. Helicase belongs to a special class of proteins called enzymes which help a reaction occur
more readily. As the DNA is being unwound by helicase, torsional strain is being built up which
causes supercoiling of the DNA. Supercoiled DNA is the same principle as taking a cable or rubber
band and twisting it at only one end until it kinks out to the side twisting upon itself. The built-up
torsional stress is relieved through a complex mechanism by an enzyme called topoisomerase.
Since the stress builds up ahead of helicase, topoisomerase is positioned ahead of helicase [2, 4].
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Primase

Topoisomerase

RNA
Primer

Helicase

Single-stranded Binding Proteins

Figure 7: Beginning stages of DNA replication with helicase (green) separating the DNA strands,
topoisomerase (light blue) ahead resolving any supercoiling, primase (pink) placing and RNA primer (red)
and ssBPs (grey) keeping the ssDNA from reforming into dsDNA. Reproduced from reference 11 with added
annotations.

After helicase unzips the dsDNA, single-strand binding proteins (SSBP) bind to the bases of the
two ssDNA to physically prevent hydrogen bonds and stacking reformation between the base
pairs. To initiate polymerization of the new DNA strands, an enzyme known as primase will place
an RNA primer (a short RNA sequence) where polymerization of DNA will begin. This primer
provides another enzyme known as DNA polymerase (DNA Pol), a starting point because DNA Pol
preferentially binds to a single template DNA strand with an RNA primer.
DNA Pol is an enzyme employed by the cell to polymerize new DNA strands and respects the
directionality of DNA. DNA Pol only shows polymerization activity in the 5’ to 3’ direction of the
nascent strand. The mechanism behind how DNA Pol works can be seen in Figure 8 [4]. An
incoming nucleotide (blue) is seen with two magnesium ions to balance the negative charge on
the nucleotide. The magnesium ions along with a water molecule help attach the phosphate to
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the 3’ of the sugar above. Due to the 5’ to 3’ activity of DNA Pol, the replication process is slightly
different when replicating to the 5’ end compared to replicating to the 3’ end [2, 4].

Template
Strand

Template
Strand

Hydrogen
Bonds

Direction
of
Synthesis

Figure 8: Nucleotide bond formation in DNA polymerase active site. A water molecule and magnesium ions
help in the addition of a new nucleotide. Two phosphate groups break off the incoming nucleotide as it
forms a bond with the adjacent nucleotide. Reproduced from reference 4 with added annotations.

The fork structure formed while helicase binding to DNA during DNA replication (as shown in
Figure 7) is referred to as the replication fork. Depending on the direction in which the replication
fork is heading, the template DNA along with any nascent DNA can be labeled as either the
leading or lagging strand. Polymerization of the leading strand is more straightforward as it
consists of DNA Pol polymerizing new DNA in the 5’ to 3’ direction starting at its primer (Figure
9) [11]. The sliding clamp also assists DNA polymerase by keeping it tethered to the DNA [12].
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Origin of
Replication

RNA Primer
Sliding Clamp

DNA Pol III

Parental DNA

Campbell Biology 9th edition (2011)

Figure 9: Replication of the leading strand. Helicase (green) unzips the dsDNA into two ssDNA’s, DNA Pol
and the Sliding Clamp (salmon) binds to the Origin of Replication and starts to polymerize in the 5' to 3'
direction (top). As the DNA Pol advances the newly created strand (light blue) forms continuously (bottom).
Figure reproduced from reference 11 with added annotations.

In the lagging strand, polymerization needs to occur in the opposite direction, 3’ to 5’ (Figure 10)
[11]. The cell overcomes this limitation through primase, it will continue to place primers as long
as the replication fork continues. At each RNA primer, DNA Pol will bind and polymerize in the 5’
to 3’ direction [2, 4]. Fragmented newly synthesized DNA strands found on the lagging strand are
known as Okazaki fragments [13].
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Template
Strand

RNA Primer
for Fragment 1
Okazaki
Fragment 1
RNA Primer
Fragment 2
Okazaki
Fragment 2

Overall Direction of Replication

Figure 10: Replication of lagging DNA strand with Primase (pink) placing multiple primers (red) for DNA Pol
to start the polymerization in fragments as shown here with two Primers and two Okazaki Fragments (top
four steps). Another type of DNA Pol (yellow) replaces the RNA Primers with DNA (step 5), then Ligase (blue)
seals the gaps between the Okazaki Fragments (step 6). Figure reproduced from reference 11 with added
annotations.

The RNA primers are then removed and replaced with a DNA sequence by another type of DNA
Pol (shown in yellow in Figure 10). This is performed in a specific way which results in leaving the
5’ end of the DNA that replaced the primer unpolymerized with the 3’ end of the adjacent Okazaki
fragment. Ligase is then employed to polymerize the two Okazaki fragments together and will
continue until DNA replication has been completed [2, 4].
The combination of leading strand and lagging strand replication results in two dsDNA molecules
that consist of a hybrid of daughter and template DNA strands [5] (Figure 11) [2].
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Origins of
replication
Direction of Fork Movement
Replication
Forks

Figure 11: DNA replication across a larger region of a DNA molecule. Multiple origins of replication can be
seen in the first DNA molecule. As DNA replication progresses, the replication bubbles get larger and more
complementary DNA is being polymerized. Figure reproduced from reference 2 with added annotations.

Any errors during the replication or any damage of DNA by other factors known as DNA lesions
may lead to cancer.

DNA Lesions and Their Relation to Cancer

The integrity of our DNA is constantly under threat from many internal and external forces such
as ultraviolet (UV) rays, combustion byproducts, metabolic byproducts, and much more [14].
These threats are known as carcinogens and may cause cancer if they interact with our DNA. In
the example of UV light from the sun, it can interact with adjacent thymine’s to make them cyclize
into thymine dimers. This cyclization of thymine bases distorts the DNA structure acts as a
roadblock for normal replicative DNA Pols [4, 15]. Bulky DNA lesions cause distortions in the DNA
structure which are unable to fit through the small active site of replicative DNA Pols (Figure 12)
[15].
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a

b

Figure 12: The active site of a replicative DNA Pol (purple-blue) wraps around the DNA template strand
(orange) very closely while polymerizing the new complementary DNA strand (green) leaving little room for
bulky DNA lesions. Figures a and b show different views of the same complex. Figure adapted from PDB
3IAY.

In addition to the thymine dimers discussed above, a few other basic types of lesions include
abnormal base pairs, base pair mismatch, single-strand break, nucleotide insertion, chemical
adducts, double-strand breaks, abasic site, DNA cross-links and nucleotide deletion can be seen
in Figure 13 [4].

Abnormal
Base Pairs

Chemical
Adducts

Base Pair
Single-Strand
Mismatches
Breaks

Double-Strand
Breaks

Thymine
Dimers

Nucleotide
Insertions

Abasic
DNA
Nucleotide
Site Cross-Links Deletions

Figure 13: Examples of different types of DNA lesions. Figure reproduced from reference 4 with added
annotations.

P a g e | 18

Fortunately. our bodies have developed different methods to deal with these lesions. One
method the cell can choose is to employ special DNA Pols known as the Y family Pols to replicate
through the lesion, whereas other methods will fix the lesion [16]. This project is focused on
studying a Y family Pol known as Pol Kappa (Pol κ). Therefore, we will look at some of the common
lesions that Pol κ comes across; chemical adducts (molecules covalently attached to DNA) and
thymine dimers [17, 18].
Chemical adducts: An example of a chemical adduct is benzo[a]pyrene (B[a]P) which is a
carcinogen present in tobacco smoke. Once the body has B[a]P in its system, it will go through
metabolic processes that result in chemically changing B[a]P into benzo[a]pyrene diol epoxide
(BPDE) (Figure 14). BPDE can then form a covalent bond with guanine, then slide in between the
base pairs to form pi-pi stacking interactions with the surrounding base pairs.

Guanine

BPDE

Figure 14: Benzo[a]pyrene diol epoxide (BPDE) covalently bonding to guanine.

A molecule that slides in between the base pairs to form pi-pi stacking forces is referred to as an
intercalator. Intercalators are planar aromatic compounds and can be carcinogenic or used as a
chemotherapeutic drug. BPDE is both an intercalator and chemical adduct and can be seen in
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Figure 15. BPDE has moved guanine to the side so it can no longer experience pi-pi stacking forces
with the bases. BPDE has taken guanine’s place and the base pairs around BPDE are slanted
(distorted), and the backbone shows distortion as well compared to Figure 2.

Figure 15: BPDE (circled in red) covalently bound to
(green) on a DNA molecule. The distortion of
PDB:guanine
1AXL
DNA structure can be seen in the backbone and base pairs. Figure adapted from PDB 1AXL.

Thymine Dimers: As mentioned above, UV light can cyclize two adjacent thymine’s to form
dimers as shown by the reaction in Figure 16 [19].

Thymine

Thymine

Thymine Dimer

Peter J. Russell, iGenetics: A Molecule Approach 3, 139 (2010)

Figure 16: Two adjacent thymine's cyclizing from UV light to form a thymine dimer.
Figure reproduced from reference 19 with added annotations.
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A thymine dimer can be seen in the DNA structure in Figure 17. Circled in red is the dimer itself,
and it is obvious that there is a distortion to the DNA structure just by looking at the DNA
backbone.

Figure 17: Thymine dimer (circled in red) causing distortion in a DNA molecule. The backbone on both
strands is distorted as well as the base pairs. Figure adapted from PDB 1SM5.

As mentioned earlier Y-family polymerases are known to be directly involved in replicating
through both BPDE and thymine dimers. In this thesis, we are focused on synthesizing and
studying the Y-family Pol, Pol κ. Since Pols are a special type of protein, before learning more
about Pol κ, let’s investigate Protein structures and how they are created.
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Protein Structure
Proteins are the workers of the cell and are an extremely diverse class of biomolecules made up
of monomers called amino acids. Each amino acid has different physical and chemical properties,
for example, some are acidic while others are alkaline, and some are relatively large compared
to others. There are twenty different amino acids that a protein can contain.
The sequence of amino acids is referred to as the protein’s primary structure. Each protein has a
complex three-dimensional structure that dictates its function and is determined by its amino
acid sequence [4, 20].
Locally or nonlocally, amino acids in the primary sequence can form stable structures through
hydrogen bonds. This order of structure is known as the proteins’ secondary structure. Two most
common secondary structures of proteins are alpha helices and beta-pleated sheets (Figure 18)
[11]. These structures arise only due to hydrogen-bonding between the amino acids.

α-Helix

β-Pleated Sheet
β-Strand, shown
as a flat arrow
pointing toward
the carboxyl end

Hydrogen Bond

Hydrogen Bond

Figure 18: Two most common secondary structures exhibited in proteins, an α-helix (left) and β-pleated
sheet (right) kept stable through hydrogen bonds (dotted lines). Figure reproduced from reference 11 with
added annotations.
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Secondary structures give rise to a higher-order structure called tertiary structure. Tertiary
structure is the result of the secondary and primary structures folding together in threedimensional space and creating more intermolecular forces to stabilize the whole structure.
Lastly, the highest order of structure in proteins is its quaternary structure. All proteins exhibit at
least tertiary structure, however, quaternary structure is unique in that it is not found in all
proteins. This type of structure consists of two amino acid sequences that are not covalently
bound to one another [4, 20].
The basic information to create these complex structures of proteins is stored in the DNA. Storing
the code for protein is one of the major functions of DNA. In the next section, we will look into
how the DNA code is used to create proteins.

The Journey from DNA to Protein
As we mentioned earlier, we synthesized Pol κ, therefore we must understand the process of
protein synthesis. DNA stores the code for all the proteins in various genes to be synthesized
when needed. Two consecutive processes must take place in the cell to obtain protein from a
DNA sequence, transcription and translation [4]. These two processes are also part of the central
dogma of biology along with DNA replication. Transcription occurs inside the nucleus of a
eukaryotic cell and will result in a single-stranded messenger RNA (mRNA) from a DNA template
strand. Translation takes place in the cytoplasm of the cell and an amino acid sequence is
synthesized using the mRNA template and folded into its three-dimensional structure.
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Sometimes following translation, a protein will need modifications or help to fold before it is
ready to be employed [2].
Transcription: Transcription initiates when proteins RNA polymerase (RNAP) and sigma factor in
bacteria, bind to the beginning of the gene known as the promoter (Figure 19) [2]. The two
proteins will slide along the DNA until sigma factor finds the promotor. Sigma factor will release
once RNAP begins polymerizing. RNAP is different from DNA pols since it can open up dsDNA and
continue to unzip as it polymerizes RNA. But both RNAP and replicative DNA pols polymerize in
the 5’ to 3’ direction. RNAP reads a template DNA strand to synthesize a complementary pre
mRNA molecule. As RNAP polymerizes, it will also allow the ssDNA strands it opened previously
to recombine into dsDNA.

Figure 19: RNAP (light blue) and sigma factor (yellow) bind to the promotor. Once RNAP begins to
polymerize RNA, sigma factor is released. The RNA transcript (blue) continues to grow as polymerization
continues until RNAP reached the terminator DNA sequence where they both fall off the DNA. Figure
reproduced from reference 2.
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Once the whole gene is transcribed into pre-mRNA, RNAP will reach the end of the gene (the
terminator sequence) and fall off of the DNA and pre-mRNA. Pre-mRNA will be modified into
mRNA then leave the nucleus and enter the cytoplasm [2, 4].
Translation: In the cytoplasm, there are many small organelles that polymerize proteins from
mRNA, these organelles are ribosomes. Ribosomes consist of proteins and ribosomal RNA (rRNA)
and are made of a small subunit and a large subunit which are dissociated from each other when
at rest. Each mRNA sequence is broken into many triplets of nucleotides called codons that tell
the cell which amino acid to use [2].
The ribosome utilizes transfer RNA (tRNA) to read the codons, each tRNA has an anti-codon which
is complementary to the mRNA codon and has the amino acid complementary to the tRNA’s
anticodon. The ribosome has three sites where tRNA’s can enter, although usually only two sites
are occupied at a time during translation (Figure 20) [2].
To start translation, both ribosomal subunits and mRNA assemble with a specific tRNA that enters
the P site. As translation progresses, the new complementary tRNA will enter the A site (step 1
in Figure 20 illustrates the 4th tRNA entering A site) and the amino acid on the tRNA in the P site
will be transferred to the tRNA in the A site and form a peptide bond with the amino acid of the
A site tRNA (step 2 in Figure 20 shows the amino acid on the 3rd tRNA on P site being attached to
the amino acid on 4th tRNA on site A). The large subunit shifts so that the tRNA that was previously
in its A site is now in its P site, and the tRNA previously in the P site enters the E site (step 3 in
Figure 20). Finally, the small subunit translocates so that the tRNA on E site can be ejected from
the ribosome (step 4 in Figure 20). A new tRNA then enters the A site and this process will
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continue until the ribosome reaches one of three stop codons which usually do not code for any
amino acid. The amino acid sequence is then released from the tRNA [2, 4].

STEP 1

STEP 2
Growing Polypeptide Chain
Newly
Bound tRNA

E Site

P Site

A Site
STEP 4

STEP 3

Large Subunit Translocates

Small Subunit Translocates

Figure 20: Translation of mRNA into protein. Ribosome (green) shown with E, P and A sites. Step 1 depicts
a growing polypeptide chain in the P site and a new tRNA in the A site. Step 2 transfers over the growing
polypeptide change to the A site and forms a new peptide bond. The large subunit will translocate in step
3 which puts tRNA 3 in the E site and tRNA 4 in the P site. In step 4, tRNA 3 is ejected and the small subunit
translocates to match the position with the large subunit. Figure reproduced from reference 2 with added
annotations.

Now that we know about protein structures and the basics of protein synthesis let’s learn more
about the protein we are interested in, Pol κ.
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DNA Polymerase Kappa
There are four human Y family DNA Pols which all play a different role in replicating through
lesions, this process is known as translesion synthesis (TLS). The four Y-family Pols in mammals
are Pol ι, Pol η, Pol κ, and Rev 1. More than one TLS Pol may work together to replicate lesions
where one Pol replicates directly across from the lesion, and another will extend (replicate) past
the lesion (Figure 21). The Y family Pol of focus in this research is Pol κ, which is known to extend
past lesions, but will also replicate directly through some less bulky lesions in the DNA minor
groove [16, 21].

Insertion
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3’

5’
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3’

5’
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3’
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3’

3’

5’

Figure 21: General schematic of translesion synthesis (TLS). One TLS pol (orange) may insert a few
nucleotides (green) directly across from the DNA lesion (kink in blue DNA strand) as shown in the insertion
step. For the extension step, another pol (purple) may come in or the same pol may continue and extend.

Pol κ only experiences tertiary structure and has five domains: Palm, Fingers, Thumb, PAD and NClasp (Figure 22) [21]. Each domain is associated with different functions. The palm and fingers
domains are more concerned with catalyzing DNA polymerization whereas the thumb, PAD
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(polymerase associated domain) and N-clasp are concerned with DNA binding. More specifically,
the palm domain catalyzes the polymerization reaction, and the fingers domain holds the nascent
nucleotide. The thumb domain binds to the minor groove whereas the PAD binds to the major
groove [16, 21]. Pol κ is unique among other Pols in its structure, it is the only Pol we know of
that has the N-clasp [21]. The N-clasp is an important feature of Pol κ, this region has been shown
to be critical in the role Pol κ plays in TLS. The N-Clasp helps to lock the protein around the DNA
molecule, and an amino acid is situated in the N-clasp is known to interact directly with the DNA
backbone [21, 22].

DNA

N-Clasp

PAD

Thumb

Fingers
Palm
Figure 22: Crystal structure of pol κ bound to DNA (gray). Each domain is color-coded, PAD in green, fingers
in yellow, palm in light blue, thumb in orange, and the N-clasp in blue. Figure reproduced from reference
21 with added annotations.

Replicative Pols (Pols in DNA replication) have what is known as proofreading activity to make
sure the incorporated nucleotide is correct. Unlike replicative Pols, TLS Pols have no proofreading
P a g e | 28

activity. It has been found that Pol κ has an error rate of 10-3 to 10-4 making it more error-prone
than replicative Pols [21], where Pol δ (a replicative Pol) has an error rate of 10-8 to 10-7 [23].
Replicative Pols have a small active site compared to TLS Pol active sites. The larger active sites
of TLS Pols have more room to accommodate bulky lesions which do not fit in the active site of
replicative Pols. The large active site will also allow more room to incorporate the incorrect
nucleotide across from a template DNA strand. Of the four Y family Pols, Pol κ has the smallest
active site and thus the reason it is the least error-prone of the four Y family Pols, and most active
in the extension step of TLS and replication through minor groove lesions [16, 21].
From bulk studies, Pol κ is known to preferentially bind to the termini of mispaired primers on
DNA and minor groove lesions. The dissociation constant (KD) of Pol κ (with amino acid sequence
19-526, the one we are studying) when bound to mispaired primer termini was found to be about
170 nM [21]. When Pol κ binds to DNA, there is a large conformational change that occurs even
in the catalytic domains (fingers and palm). Pol κ is known to only adopt a specific active
conformation when bound to its preferred substrate [24].
In this study, we will examine the binding mechanism of Pol κ to DNA with optical tweezers, an
instrument that uses lasers to trap and manipulate micron-sized objects.

The Birth of Optical Tweezers
Optical tweezers are a relatively new scientific instrument that can trap micron-sized objects
using lasers. Arthur Ashkin proposed the idea of trapping such objects in 1970 [25], then Steven
Chu took on the task of building the first optical tweezers to cool and trap atoms in 1986 [26].
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This breakthrough technique won the Nobel Prize in 1996. Even though we could trap atoms with
optical tweezers, it was challenging to trap biological systems since the water was absorbing the
laser wavelength and thus overheating the sample. To avoid overheating, Arthur Ashkin
overcame this challenge by using an infrared (IR) laser, as water absorbs less IR light. Ashkin then
trapped bacteria and viruses with optical tweezers in 1987 [27], which won him the Nobel Prize
in 2018. The trapping of bacteria and viruses led to the utilization of optical tweezers as a tool to
trap and study biological materials. The Single Molecule Biophysics Lab undergraduate
researchers at Bridgewater State University are considered to be the first undergraduates to
build research scale dual-beam optical tweezers in 2017. Using this device, we can trap single
DNA molecules and study the interactions of potential anticancer drugs and proteins with DNA.

Trapping Mechanism of Optical Tweezers
To explain the trapping mechanism behind optical tweezers, it is important to first understand
how light behaves when traveling through an interface of different media. As we reach our hand
into a still body of water, we will notice that the submerged part appears to be in a different
location than it should. Light will travel at different velocities based on the medium it is in, which
causes the light to bend (refract) when it is transmitted through the interface (Figure 23).
This phenomenon of light is described mathematically with Snell’s law:
𝑛1 sin(𝜃1 ) = 𝑛2 sin (𝜃2 )
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Where n is the refractive index of the medium, which is related to how fast light travels through
that specific medium, and θ is the angle made between each beam and its normal in that
medium. The normal is an axis that is 90o to the interface surface. The subscripts 1 and 2 indicate
medium-1 and medium-2.
The simplest representation of refraction can be seen in Figure 23 where the incident beam (in

green) is refracted towards the normal (refracted beam in purple) in the case where n 1 < n2. In
other words, when the refractive index of medium 2 is larger than medium 1, any refracted beam
will have a smaller angle with the normal compared to the incident beam.
Normal
Incident
Beam

θ1
n1

Medium
Interface

n2
θ2

Refracted
Beam

Figure 23: Physical demonstration of Snell’s law where an incident beam (green) is
refracted at an interface (purple) at an angle θ2. The refracted beam bends towards the
normal (black dashed line) in the case where n1 < n2.

Snell’s law dictates the physics of trapping micron-sized polystyrene beads in optical tweezers. In
Figure 24 [28], a bead is shown to be positioned just after the objectives where the laser beam is
focused. Two beam paths are shown, one in red and another in blue, which form symmetric
paths. As both beam paths cross the interface of the bead and the surrounding medium,
refraction is determined by Snell’s law. This causes the light particles (photons) to change their
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velocity and hence a change in their momentum (red and blue insets in Figure 24). This
momentum change is felt as a force by both the photons (light particles) that comprise the
beams. The forces felt by the photons of symmetric beams (red and blue) result in a net upwards
force (as shown in the bottom left inset of Figure 24) resulting in an equal and opposite force felt
by the bead resulting in a net downwards force (as shown in the bottom right inset of Figure 24).

Momentum Change

Momentum Change
Initial

Initial
Final

Net Force on the Photons

Final

Force on Bead
From Red Path

Force on Bead
From Blue Path

Net Force on the Bead

Focal Point

Figure 24: A bead (gray sphere) in the path of a laser. The objective (blue oval) focuses the laser to a focal
point. When the bead lies in the beam path on the axis of the objective lens the refraction of two
symmetric rays (red and blue) creates a net force that pushes the bead toward the focal point. The
direction of that force is determined by momentum change experienced by the photons (inserts on the
top right and left). These momentum changes create forces felt by photons on the red ray and blue ray
add up to a net force pointing up (insert on the bottom left). This creates an equal and opposite effect on
the bead with a net force pointing downwards (insert on the bottom right). Figure reproduced from
reference 28 with added annotations.

In the case where a bead is not centered in the Gaussian profile of the laser, a force will push the
bead back to the center. Figure 25 [29] shows a beam path with high intensity from the center of
the Gaussian profile, and another beam path with low intensity towards the edge of the Gaussian
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profile. The magnitude of the force from the beam path in the center felt by the bead is greater
than the magnitude of the beam path near the edge. This results in the net force being close in
magnitude and direction to the force from the center beam. Figure 25 shows the net force felt
by the bead and photons where the bead feels a force pushing it to the center of the Gaussian
profile. The force pushing the bead to the side is referred to as the gradient force, and the force
pushing the bead downward is referred to as the scattering force. This scattering force is canceled
out in dual-beam optical tweezers because two laser beams are approaching each other from the
opposite direction (counter-propagating beams).

Net Force on the Photons

Gradient
Force

Scattering Force
Net Force on the Bead
Focal Point

Figure 25: A bead off-centered in the gaussian profile of the laser. Higher intensity light is coming from
the center (maroon), thus more photons per second to exert a force compared to the beam path on the
edge (pink). The net force felt by the photons (left insert) and bead (right insert) shows that the bead will
be pushed to the center of the Gaussian profile with the gradient force and pushed towards the focal
point by the scattering force. Figure reproduced from reference 29 with added annotations.
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Using Optical Tweezers for DNA Trapping and Stretching
In the dual-beam optical tweezer set up at BSU, a laser beam is split into two beams that follow
different paths. Eventually, the counter-propagating beams will encounter the objectives and are
finely focused inside a glass chamber called a flow cell. The finely focused laser can trap micronsized beads. Once a bead is trapped it is suctioned to a micropipette that is a part of the flow cell
and moved out of the laser to trap a second bead. After two beads are successfully trapped in
the flow cell, DNA is now flowed in to be caught by the beads. These beads are coated in a
chemical (streptavidin), and the ends of the DNA are labeled with a complementary chemical
(biotin) that allows DNA to stick to the beads. After trapping a single DNA molecule between the
two beads, the DNA is stretched to obtain a stretching curve where force is measured as a
function of extension (Figure 26).

ssDNA Regime
Force Induced
Melting Transition

Elastic Regime
Entropic Regime

Figure 26: A typical stretching curve of a single dsDNA molecule (black). The entropic regime
(circled in red) is caused by a slacked DNA molecule. Once the DNA is taught, it acts as an elastic,
stretching very little of a large force range in the elastic regime (circled in light blue). The curve
reaches a plateau around 65 pN where force-induced melting occurs (circled in blue). Past this
region, it acts as an elastic again as two parallel mostly ssDNA molecules in the ssDNA regime
(circled in purple).
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While the DNA is being stretched, the stretching curve shows an initial extension of the DNA
molecule with little force. This is the entropic regime, where the DNA molecule is slacked and
straightened out. The curve then becomes very steep and little extension occurs over a large
amount of force. This is the elastic regime of the stretching curve, the DNA exhibits very little
extension over a large force range. The force increases until about 65 pN and remains almost
constant while the DNA is extending. This constant force region is known as the melting
transition. During the melting transition, most of the base pairs of the dsDNA are broken apart
forming two mostly ssDNA molecules. This is a phase transition where dsDNA is changing into
ssDNA when the force remains constant, similar to ice melting where the temperature remains
constant. Finally, the DNA will again act the same as in the elastic regime past the melting
transition, this is the ssDNA regime. When the DNA is released back the force-extension curve
follows back the same path indicating that this is a reversible process [30].
When DNA is stretched in the presence of a DNA binding protein, the stretching curve will change,
and from these changes, we can characterize the binding affinity of the protein. Optical tweezers
also give us an option to distinguish between dsDNA binding and ssDNA binding of the protein.

Biophysical Models for DNA Stretching Analysis
Polymer elasticity models can be used to describe the behavior of DNA. The worm-like chain
(WLC) model describes stiff polymers which can be used to model dsDNA [31]. The freely jointed
chain (FJC) model describes more flexible polymers and can be used to model ssDNA [32].
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The WLC model treats the polymer as if it has a smooth distribution of bond angles (Figure 27);
you cannot make the polymer form a sharp corner, only smooth bends.

Figure 27: Depiction of a stiff polymer in the curved black line for the worm-like chain model. Any
point on this polymer can be described by the tangent vector, 𝑡⃗(𝑠), at position 𝑟⃗(𝑠). Both 𝑡⃗(𝑠) and
𝑟⃗(𝑠) are dependent upon s, a distance along the polymer.

The polymer can be described at any point, s distance along the polymer by the tangent vector,
𝑡⃗(𝑠), at position 𝑟⃗(𝑠) [33].

𝑡⃗(𝑠) =

𝛛𝑟⃗(𝑠)
𝛛𝑠

Using this tangential vector definition and expressing the Hamiltonian (total energy) as a sum of
polymer bending energy, enthalpic energy and work done by stretching an approximation for the
length of the polymer can be obtained at a particular force. The dsDNA portion of the DNA
stretching curve discussed in the previous section is modeled using this approximation derived
from the WLC model [34].

𝑏𝑑𝑠 (𝐹 ) = 𝐵𝑑𝑠 (1 −

1 𝑘𝐵 𝑇
𝐹
√
)
+
2 𝑃𝑑𝑠 𝐹 𝑆𝑑𝑠

In the above equation, bds(F), the length of dsDNA at a specified force, F, is expressed as a function
of Bds, the contour length of dsDNA (total length of DNA with no slack and no applied force), Pds,
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the persistence length of dsDNA and Sds, stiffness of the polymer. kB is Boltzmann’s constant
(1.38 * 10-23 (m2kg)/(s2K1)) and T is temperature.
The FJC model (Figure 28) describes any polymer as having stiff rods of length r, with various
angles between these rods, θ.

r

θ

Figure 28: A polymer in black is depicted as consisting of rods of length r, which are connected by hinges
and making an angle, θ between successive fragments. The angles are free to rotate. This describes the
Freely Jointed Chain (FJC) model.

By solving for the entropy of the chain along with the first law of thermodynamics, the length of
the chain is obtained by applying the Langevin function. The length of an ssDNA molecule is
modeled after the this FJC model given below [32].

𝑏𝑠𝑠 (𝐹 ) = 𝐵𝑠𝑠 (coth (

2𝑃𝑠𝑠 𝐹
𝑘𝐵 𝑇
𝐹
)−(
)) (1 +
)
𝑘𝐵 𝑇
2𝑃𝑠𝑠 𝐹
𝑃𝑠𝑠

Here, bss(F), the length of ssDNA at a specified force, F, is expressed as a function of B ss, the
contour length of ssDNA and Pss, the persistence length of ssDNA. As mentioned before kB is
Boltzmann’s constant and T is temperature.
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Both the WLC and FJC models are plotted alongside an experimental dsDNA stretching curve in
Figure 29 [30].

Worm-Like
Chain

FreelyJointed Chain

Figure 29: A dsDNA stretching curve as shown by the colored dots is compared to the WLC and FJC models.
Initially, the stretching curve follows the WLC model since it is a dsDNA molecule. However, the stacking
forces and hydrogen bonds start breaking in the force-induced melting transition at around 65 pN (almost
constant force region in the middle). This shifts the curve to match the FJC model which describes ssDNA.
Figure reproduced from reference 30 with added annotations.

Why study Pol κ using Optical Tweezers?
Little research has been done with DNA polymerases on optical tweezers. Some of the DNA
polymerases that have been studied through this method are the T7 bacteriophage Pol
(Polymerase from bacteria targeting viruses) and the α subunit of E. coli Pol III. Polymerization
assays with the T7 replicative Pol were performed and revealed information about the kinetics
of T7 Pol polymerization [35, 36]. In the case of the α subunit of Pol III (also a replicative Pol), it
was observed that the protein binds to both ssDNA and dsDNA through different domains. The α
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subunit of Pol III is a passive binder to ssDNA, meaning it does not facilitate the melting of DNA,
but will bind to regions of DNA that are already melted. It was also found that the bound α subunit
of Pol III also stabilizes dsDNA, as the force required to reach the force-induced melting transition
increases above 65 pN [37]. Using the results obtained from the optical tweezers experiments
the binding strength (dissociation constant, Kd) of this subunit to both dsDNA and ssDNA was
estimated using binding models.
To our knowledge, no TLS Pols have been studied using optical tweezers. This is the first attempt
to study Pol κ using any single-molecule techniques. Studying Pol κ on the single-molecule level
provides detailed complementary information to bulk studies. Based on the literature used to
understand the quantify the other Pols mentioned above we can develop a similar model by
stretching the DNA in the presence of Pol κ as discussed in the methods section.
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Methods
Expression and Purification of Pol κ
To carry out experiments in optical tweezers with Pol κ, it was first expressed and purified. To
express Pol κ, E. coli BL21 cells were transformed with a plasmid (circular dsDNA) that codes for
a Pol κ-glutathione S transferase (Pol κ-GST) complex and ampicillin resistance. With ampicillin
resistance, the bacteria can survive and grow in the presence of ampicillin whereas other bacteria
that we are not interested in will not grow. The plasmid codes for only amino acids 19-526 of Pol
κ, whereas the full-length protein has 870 amino acids. The transformed cells were then grown
overnight on an agar petri dish (Figure 30) in an incubator at 37oC.

Figure 30: Transformed E. coli colonies (white circles) on a petri dish with ampicillin.

A colony from the plate was inoculated into a 50 mL centrifuge tube with 15 mL Luria Broth (LB)
media to shake overnight (Figure 31a). Shaking ensures the bacteria are properly aerated, have
high nutrient availability, and avoid bacteria collecting at the bottom of the solution. All LB media
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and agar contained 100 µg/mL ampicillin to selectively only allow the transformed bacteria to
grow due to its ampicillin resistance. The next morning, the cells were then poured into 2 L flasks,
and placed in the shaker (Figure 31b). Once the cells grow to an optical density (OD) of 0.6
absorbance at a wavelength of 295 nm (ultraviolet light), isopropylthio-β-galactoside (IPTG) was
introduced to the cells at a concentration of 0.5 mM IPTG to make them overexpress Pol κ. Letting
cells grow to a higher OD would make the bacteria compete for nutrients. The cells were left
overnight in a shaker at 18oC, then the next morning they were collected using a centrifuge at
5000 RPM. The cells are stored in low salt GST buffer (50 mM tris HCl pH 8.0, 250 mM NaCl, 2
mM DTT, 5% glycerol, 0.01% NP-40 and 0.01% trex) with protease inhibitor at -80oC. Protease
inhibitor prevents a protein known as protease from breaking down protein, hence why it is
needed for Pol κ purification.
a

b

Figure 31: (a) 50 mL centrifuge tube with transformed bacteria in LB media (circled in yellow) and (b) 2 L
flask with transformed cells in LB media (circled in yellow) placed on the shaker.

To collect pol κ, the cells were first sonicated (subject to high energy sound waves) on ice, to lyse
the cell (break down the cells plasma membrane). Then the sample is centrifuged at 17000 RPM
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to collect the cell lysate (the liquid that contains the contents of lysed cells) supernatant. This
fluid is then syringe filtered and loaded onto a GST chromatography column (Figure 32). The GST
column has micron-sized beads coated in glutathione so that GST will bind to the glutathione,
thus binding the GST-Pol κ complex. The column was first washed with 4 column volumes (CV) of
high salt GST buffer to wash out impurities that bind the bead strongly (50 mM tris HCl pH 8.0, 1
M NaCl, 2 mM DTT, 5% glycerol, 0.01% NP-40 and 0.01% trex), then 4 CV of low salt GST buffer
to store the protein in a lower salt environment (50 mM tris HCl pH 8.0, 250 mM NaCl, 2 mM
DTT, 5% glycerol, 0.01% NP-40 and 0.01% trex). Pol κ was cleaved off GST after an overnight
incubation period with a protein known as precision protease. To make sure Pol κ was collected,
all the flow through the GST column was collected, then loaded onto a sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), a commonly used method to separate proteins
with various molecular masses.

Figure 32: GST chromatography column (blue and clear cylinder) packed
with glutathione beads.
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Impurities were still present (see results section for the results from the SDS-PAGE), so a size
exclusion column (HiLoad 16/600 Superdex 75 pg) was used on a fast protein liquid
chromatography (FPLC) instrument. The size exclusion buffer consisted of 25 mM tris pH 8.0, 100
mM NaCl, 2 mM DTT and 5% glycerol. The resin in the size exclusion column contains micronsized beads with pores in them (Figure 33) [4]. The pores allow smaller proteins to travel through
the bead, this slows down the travel of that protein through the column. Larger proteins cannot
fit inside the pores; thus, when flowed through the column, they elute faster than smaller
proteins. The Pol κ fractions had higher purity than previously obtained fractions with GST
column, however, it was still necessary to further purify Pol κ.
Protein Mixture is Added
to Top of Column

Porous Gel
Matrix Beads

Small Proteins Enter the
Beads and Slow Down
Large Proteins Travel
Around the Beads

Large Proteins Are Eluted
Before Small Proteins

Figure 33: Size exclusion chromatography has porous gel matrix beads (white and grey) that allow the travel
of smaller proteins (orange spheres) through the bead. Any molecule that travels through the bead will
slow down travel through the column. Larger proteins (yellow spheres) cannot fit in the pores and thus will
elute faster. Figure reproduced from reference 4 with added annotations.
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The next column used was a cation exchange column (HiTrap SP FF). This column consists of
micron-sized beads coated in an anion (Figure 34) [4] with a charged group: -CH2 CH2CH2SO3-. Pol
κ will need to be positively charged to bind to the negatively charged group.
Na+

Positively Charged Proteins
Are Bound to Beads

Negatively
Charged Beads

Remove Bound
Proteins with
Elution Buffer

Negatively
Charged Protein
Negatively Charged
Proteins Are Collected
in the Flow Through

Positively Charged
Proteins Are Eluted Using
Cations Such as Na+

Figure 34: Cation exchange chromatography consists of negatively charged beads (white) that repel
negatively charged proteins (red) and bind positively charged proteins (yellow). The salt concentration
continues to increase (right) until there is too much salt for the protein to compete in binding to the beads,
then the positively charged protein elutes. Figure reproduced from reference 4 with added annotations.

Pol κ has a theoretical pI of 8.36, which means the protein will have a net-zero charge at a solution
with a pH of 8.36, an increasingly positive charge as the pH decreases below 8.36, and an
increasingly negative charge as the pH increases above 8.36. The buffer was prepared to have a
pH of 7.5 for Pol κ to be positively charged. A low salt cation buffer (25 mM HEPES pH 7.5, 100
mM NaCl, 1 mM DTT, 5% glycerol and 0.01% NP-40) and a high salt cation buffer (25 mM HEPES
pH 7.5, 1M NaCl, 1 mM DTT, 5% glycerol and 0.01% NP-40) were used. A gradient was set for the
two buffers where the buffer flowing in the column starts out at 100% low salt cation buffer to
gradually change to 50% low salt cation buffer and 50% high salt cation buffer. Various fractions
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were collected, then put on an SDS-PAGE gel to check the purity. The SDS-PAGE suggested that
size exclusion yielded pure enough Pol κ for single-molecule experiments.
After SDS-PAGE of the cation exchange column, the pure Pol κ was concentrated with a protein
concentrator. The concentration of Pol κ was quantified through a NanoDrop at an absorbance
wavelength of 280 nm with an extinction coefficient of 27390 M-1 cm-1 as calculated by the
ExPASy ProtParam tool.

Optical Tweezers Setup
The dual-beam optical tweezers setup at the BSU Single Molecule Biophysics lab is shown in
Figure 35 with the laser path in red. It is custom-built with free space optics on an optical table
which is kept from any vibrations with the use of compressed air. This allows us to measure forces
in the piconewton range with a high signal-to-noise ratio during our experiments.

Figure 35: Optical tweezer setup at BSU with the beam path highlighted in red. The beam path cannot be
seen with the naked eye since it falls in the infrared region.
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The room temperature was controlled at 68 oF (20oC) to carry out experiments at the same
temperature and maintain the precise laser alignment.
The schematic of the dual-beam optical tweezers set up is described in Figure 36 [38].
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Figure 36: BSU optical tweezers schematic with laser specifications. The butterfly diode laser produces a
wavelength of 785 nm with 275 mW power. It is split at the beam splitting cube into beam paths 1 and 2.
Beam path 1 is reflected off two laser line mirrors whereas beam path 2 reflects off one. They both will next
become incident to two polarizing beam splitting cubes, a quarter wave plate, then pass through the
objectives. They will pass through a second quarter wave plate and be reflected towards the photodiode
detectors by a polarizing beam splitting cube. Blue LED lights light up their respective CMOS camera by
passing through a beam splitting mirror, then reflect off a second beam splitting mirror into the camera.
Figure reproduced from reference 38.
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It utilizes a butterfly diode laser with a power of 275 mW and a wavelength of 785 nm that
produces linearly polarized light. It travels through a fiber optic cable coupled to a fiber port
where the laser exits from. The fiber is coupled to the fiber port such that the laser polarization
is perpendicular to the optical table as it exits the fiber port. The beam will propagate to a beam
splitting cube that will reflect 50% of the beam power and transmit 50% of the beam power. This
creates two beam paths each with half the power of the initial beam.
Following the beam path to the right (beam 1 in Figure 36), the beam will become incident to a
laser line mirror and reflect at a 90o angle towards a polarizing beam splitting cube. This polarizing
beam splitting cube is oriented such that it can reflect light linearly polarized in the axis
perpendicular to the table. The beam will come across a second polarizing beam splitting cube
which is oriented such that it can transmit through the polarization perpendicular to the table.
This cube becomes useful later to direct the light from the other side towards the detectors. The
beam will then become circularly polarized light after passing through a quarter wave plate. The
objective on the right will finely focus this laser beam into a flow cell where our experiments are
conducted. The light will emerge through the objective on the left, and it will become linearly
polarized in the axis parallel to the table after passing through the second quarter wave plate on
the left. The polarizing beam splitting cube under the left detector will reflect light linearly
polarized in the axis parallel to the table, thus the beam is reflected towards the photodiode
detector. Although the polarizing beam splitting cube will reflect this type of polarized light (S
polarized), a small fraction of the beam leaks through the cube. This beam will travel through
another polarizing beam splitting cube to be reflected into a CMOS camera by a beam splitting
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mirror. The path of the other beam (beam-2 in Figure 36) will follow a similar path after being
directed by a couple of laser line mirrors towards the polarizing beam splitting cube on the left.
To make our experiments visible, blue LED lights (far left and right bottom in Figure 36) are used
to illuminate the flow-cell. This allows a view from two opposing sides of the optical trap. The
blue LED light is transmitted through a beam splitting mirror that transmits light from behind and
reflects light from the opposite direction. The LED light travels through all the optics and is
reflected by a beam splitting mirror on the opposite side into a CMOS camera to project the flowcell into the camera.

The Flow-Cell
Positioned between the two objectives, the flow-cell (Figure 37) is where all experiments are
conducted. A custom plexiglass spacer is cut to have a chamber, then three holes are drilled: two
from the side and one from the top leading to the chamber. Both sides of the spacer are glued to
microscope cover glass slides (30 x 22 x 0.13 to 0.17 mm, 12-545-AP, Fisher Scientific) using
optical adhesive (NOA 68, Norland Products). A micropipette tip with a tip width of 1 μm
(TIP1TW1, WPI) is inserted into the hole drilled at the top and glued using the optical adhesive
such that the tip is at the center of the chamber. A tube (OD= 0.090 in, ID= 0.050 in, EW-0641905, Cole Parmer) is then attached to the micropipette tip sticking out of the flow cell again using
the optical adhesive. The other two holes connect to the chamber from the side serve as an inlet
and outlet for the chamber. Four inlet tubes (OD= 0.024 in, ID= 0.011 in, 63019-004, VWR
International) are attached using the optical adhesive into the hole that serves as the inlet, and
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one waste tube (OD= 0.062 in, ID= 0.045 in, 63019-128, VWR International) attached into the
other hole.

Micropipette
Tip

4 Inlet
Tubes

Syringe
Tube

Waste
Tube

Figure 37: Flow-cell used for optical tweezer experiments. There are four inlet tubes to flow different
solutions into the chamber and a waste tube to extract the solution out of the chamber. A micropipette tip
is inserted through the top hole of the flow cell such that the tip is in the middle of the channel and a tube
is connected to the other end of the micropipette so that it can be connected with a syringe for suction.

The four inlet tubes are for flowing in four different solutions discussed later. The waste tube will
direct all waste toward a waste container. The micropipette tube allows a connection to be made
with a syringe. Connecting the micropipette tip to a syringe allows the micropipette tip to attach
objects through suction. The flow cell quality is crucial in experimentation thus it is vital to
carefully construct them.
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Flowing Solutions Through the Flow-Cell
To perform experiments in the flow-cell, it is necessary to flow four different solutions: buffer,
beads, DNA and the protein or drug of interest, at various times. This is accomplished with four
reservoir 15 mL tubes that hold generally filled with roughly 2 mL of volume of the solutions
(Figure 38).
Compressed Air
Connections

Reservoir
Tubes
Clamps

Waste
Tube
Inlet Tube
Connections

Figure 38: The bottom of the reservoir tubes are connected to the inlet tubes of the flow-cell and the top
of the tube is connected to compressed air. Inlet tubes are channeled through clamps to prevent backflow
of solution into reservoir tubes. The waste tube can be seen transporting waste into a waste container
behind the reservoir tubes.

A compressed air system is hooked up to the top of the reservoir tubes to apply pressure to push
solutions through the flow cell. The airflow is controlled by a set of four solenoids, one for each
reservoir tube. A set of switches can turn on and off each solenoid, to open or close a path for air
travel.
The reservoir tubes will also connect to the flow cell through thin tubes protruding from the
bottom of the tubes. Each reservoir tube will connect with one inlet tube. With the airflow
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directed toward a reservoir tube, a solution will start to flow through the thin tubes on the
bottom. The flow of this solution can be controlled by individual clamps with the thin tubes
running through them. There is also a clamp for the waste tube from the flow cell. The clamps
are always clamped down to prevent backflow of solution into the inlet tubes while collecting
data. They are only released when a solution is flowing into the flow cell.

Trapping Beads and Obtaining the Trap Stiffness
The laser is temperature-controlled to 25oC and must reach that temperature before turning on.
As a safety measure, the “Laser On” sign at the lab entrance is also turned on before turning on
the laser. The flow cell is connected to the reservoir tubes, waste container, and syringe, and
flushed with buffer through all four reservoirs to clean the system. The buffer used contains 10
mM tris HCl at pH 8.0, and 100 mM NaCl dissolved in MilliQ water to mimic the environment of
a cell. Then the flow cell is filled with buffer and checked for any air bubbles in the system. Any
bubbles in the system will be ejected before placing the flow-cell on a piezoelectric stage
between the objectives. With a blue LED on the flow-cell, the flow-cell is projected into a camera
that is connected to a computer so that the experiments can be viewed on a monitor.
A solution with micron-sized polystyrene beads (diameter of 3 μm) coated in streptavidin (SVP30-5, Spherotech) is flown through the flow cell. The flow is stopped when one bead gets caught
in the laser trap. By moving the stage that holds the flow cell, the micropipette tip can be put into
position to suction the bead out of the trap. The daily minor alignment of the tweezers is done
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once we have a bead attached to the tip. This alignment protocol ensures the lasers are
overlapping in the flow cell and zeroes the position on both photodiode detectors.
It is necessary to test the stiffness of the optical trap before proceeding. This is accomplished by
moving the bead attached to the tip back and forth through the laser trap along one axis, with
the help of a computer program that controls the movement of the piezoelectric stage. The
photodiode will detect the deflections of the laser based on the position of the bead relative to
the laser. A good stiffness curve will resemble Figure 39. This is an important piece of data when
performing data analysis, the stiffness curve aids in converting the bead deflections to accurate
force measurements. If a stiffness curve is unacceptable, the minor alignments of the tweezers
are repeated until an acceptable stiffness curve is obtained.
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Force (microns)
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Figure 39: Screen capture of stiffness curve taken after basic daily laser alignment to test trap stiffness. This
curve will provide an accurate conversion between laser deflections and force felt by a DNA molecule.
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Fishing for DNA
Following the examination of trap stiffness, a second bead must first be caught in the trap while
the first bead is still suctioned to the micropipette tip. Both beads must be in the same plane to
tether a single DNA molecule. To check if the beads lie in the same plane, the beads are tapped
together, if when the edges of the beads touch and the bead in the trap moves in response, they
are in the same plane. If it is necessary to make them lie in the same plane, the flow cell stage
can be adjusted.
Once we have the two beads aligned in one plane, λ-phage DNA (~48,500 bp) is added in buffer
and flown into the flow cell. The λ-phage DNA (10745782001 Roche, Sigma-Aldrich) was labeled
with biotin on both 3’ ends of the DNA. This allows one end of a DNA molecule to attach to a
streptavidin-coated bead since streptavidin and biotin form a strong non-covalent bond.
However, the DNA remains invisible to the cameras because the molecule is too thin to be seen
(2 nm in diameter). Once one end of a DNA molecule is bound to the bead trapped by the laser,
it acts as a flag in the wind due to the flow of buffer through the chamber. To catch our invisible
DNA, we fish for the other DNA with the bead on the micropipette tip. The bead on the tip is
moved in a circular motion on the side of the bead trapped by the laser until a tether is seen. If a
DNA molecule attaches to both beads, when the bead attached to the tip is moved away from
the bead held by the laser, the bead in the trap will also move. This movement of the bead held
by laser is the key indicator that at least one DNA molecule is tethered between the beads.
Once we have a DNA molecule, it is stretched to obtain a stretching curve and compared to the
standard DNA stretching curve (Figure 29) as discussed in the introduction. If the curve does not
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match, then the DNA can be damaged or have knicks in it. Also, there is a possibility that two
DNA molecules can be tethered between the beads. This would be indicated by the force-induced
melting transition increasing to a force double the amount of a single DNA molecule. In the case
of bad DNA or multiple DNAs, the beads and DNA are rinsed away, and the above-mentioned
procedure is repeated until we have a good single DNA molecule tethered between the beads. A
schematic of a trapped DNA molecule is shown in (Figure 40) [30].
Objective
Laser

Micropipette Tip
Bead

DNA

Bead

Figure 40: A single DNA molecule tethered between two polystyrene beads inside the flow cell. One bead
is suctioned to the micropipette tip while the other is trapped by the laser. Figure reproduced from
reference 30 with added annotations.

Stretching DNA in the presence of Pol κ
Once we have a good DNA and it has been stretched to obtain a stretching curve, the desired
concentration of Pol κ is added to the fourth reservoir and 1 mL is flown through the flow-cell so
that the flow-cell volume is replaced with the desired Pol κ concentration. The DNA molecule can
be stretched and released in the presence of Pol κ to get a stretching curve again. The changes in
the DNA stretching curve without Pol κ are compared to a DNA stretching curve in the presence
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of Pol κ. This method can help quantify the binding mechanism of Pol κ to DNA. All DNA stretching
curves are obtained by stopping the flow of solutions into and out of the flow cell.
The first DNA-Pol κ stretching curve was done with 100 nM Pol κ and showed a small effect. To
observe a larger effect, the concentration was increased to 200 nM for the following
experiments.
The stretching of the DNA is controlled by a program hooked up to a piezoelectric stage where
the stage takes 100 nm step at a time and collects 1,000 data points from the detector and
average to estimate the force at each point of extension. With the program, the step delay after
each step can be adjusted to either stretch fast or stretch slow. Stretching slowly will provide
more time for Pol κ to reach its binding equilibrium in case it has slow binding kinetics. To check
this, experiments were conducted at 200 ms step delay and 5000 ms step delay. Each stretching
experiment in the presence of Pol κ (from adding Pol κ to the reservoir tubes, flowing and
stretching) must take place within one hour or else Pol κ is at risk of denaturing at room
temperature.
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Results
Pol κ Purity
The purity of Pol κ was assessed with SDS-PAGE after each successive chromatography column.
SDS-PAGE works in a similar way to size exclusion chromatography. The gel is made of
polyacrylamide which is a porous material so proteins can navigate through the gel. The proteins
in the sample to be loaded onto a gel are given a uniform negative charge and denatured by
sodium dodecyl sulfate (SDS). This negative charge is what allows them to navigate through the
gel in a uniform direction with an applied electric field. The gel allows smaller proteins to travel
faster. As molecules of different molecular weights travel through the gel, they get separated,
but molecules with equal molecular weights will localize and travel through together. By staining
the gel with Coomassie blue dye, localized groups of proteins show up as bands on a gel. If two
or more proteins are very close in molecular weight, they may appear as a single band.
The cell lysate (CL) after sonication, high salt GST buffer washes (H1-H3, where H1 is the first
wash, H2 is the second, and H3 is the third wash), low salt GST buffer washes (L1-L3) and eluted
Pol κ were loaded onto an SDS-PAGE gel (Figure 41). The approximate molecular weight of the
molecules in a band can be determined by comparing them to a protein standard (PS) run on the
gel with bands of known molecular weight.
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Figure 41: SDS-PAGE gel run with cell lysate (CL), and fractions collected from GST column after high salt
GST buffer washes (H1-H3), low salt GST buffer washes (L1-L3) and the suspected Pol κ fraction. These
samples were compared to a protein standard (PS) of known molecular weights. The GST column cleaned
a lot of impurities, but the Pol κ fraction still contained impurities. Pol κ (circled in red) has a molecular
weight of ~58 kDa.

The cell lysate shows a large number of other molecular species present (black bands), thus why
chromatography is necessary. In the high salt GST buffer washes, a lot of impurities from the cell
lysate are washed out as indicated by the bands. The low salt GST buffer may help in cleaning Pol
κ, however, it is also necessary to equilibrate the column back to a lower salt concentration
before eluting Pol κ. This ensures Pol κ is in its preferred environment and is ready to be loaded
onto another column. The eluted Pol κ fraction contained Pol κ with a molecular weight of ~58
kDa (kilo Dalton) as expected, but we see several other bands indicating many impurities. This
led us to the use of the size exclusion column as discussed in the methods.
Fractions of 1 mL from the size exclusion column were collected continuously as the solution
eluted. The FPLC instrument has a UV detector to measure the UV absorbance continuously as
the sample elutes from the column. The computer software used to control the FPLC
automatically plots a graph of UV absorbance over time or volume, this graph is known as a
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chromatogram. If there is no absorbance, we assume nothing, but buffer is eluting, but a peak
indicates protein. Based on the chromatogram, the absorbance peaks were selected to load onto
an SDS-PAGE gel (Figure 42).
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2 3 4
5 Fractions
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8
Molecular P.S.
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Figure 42: SDS-PAGE gel with successive size exclusion fractions of 1 mL collected continuously. Pol κ bands
are seen at the appropriate molecular weight, however, there are still other bands that indicate impurities.

The gel with size exclusion fractions revealed higher purity protein compared to the one obtained
from the GST column. But still, most of the fractions had at least one band of impurities below
the Pol κ band around molecular weight 50 kDa. To get rid of this impurity as discussed in the
method cation exchange column was used.
Fractions of 1 mL were collected continuously from the flow-through exiting the cation exchange
column in a similar way that we collected the size exclusion fractions. One small peak from the
chromatogram suspected to be Pol κ was loaded onto the SDS-PAGE gel (Figure 43).
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Figure 43: SDS-PAGE gel with cation exchange fraction showing pure Pol κ.

After going through the sequence of GST, size exclusion and cation exchange columns, the results
from the gel revealed pure enough Pol κ to be used for single-molecule experiments.
After concentrating the pure Pol κ, the NanoDrop absorption at 280 nm yielded a concentration
of 0.026 mg/mL (450 µM) Pol κ.
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Stretching DNA in the presence of Pol κ
As mentioned in the methods after obtaining the DNA stretching curve it was repeated in the
presence of 100 nM Pol κ with a 200 ms step delay after each 100 nm step (Figure 44). A jump is
seen in the curve with Pol κ, this may be due to the shortening of the DNA by Pol κ. This can
happen if Pol κ made the DNA wrap up or form loops, but it is not limited to this explanation. This
causes the force on the DNA molecule to increase rapidly until it unwraps, and the force quickly
drops back to normal values observed during the stretching. Very little hysteresis was observed
suggesting the melting may have facilitated the binding of Pol κ to either dsDNA or ssDNA

100

Force (pN)
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60
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100 nM Pol κ
DNA No Pol κ
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0.35

0.45

0.55
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Figure 44: DNA stretching curve without Pol κ (black) and with 100 nM Pol κ (purple). The solid lines
represent the stretch whereas the dashed are the release. The purple curve shifting left indicates that Pol
κ binds to dsDNA possibly forming loops that shorten the DNA. It requires high force to get rid of these
loops and the force drops right after the loop is released. This is also clearly visible with the jump seen in
the force around the extension 0.33 nm/bp. The hysteresis observed while releasing indicates the melting
facilitates binding of Pol κ to ssDNA.
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To see a larger effect, in the next set of experiments the concentration of Pol κ was doubled to
200 nM (Figure 45). The same step delay was used for the 200 nM trial. Stretching the DNA in
the presence of 200 nM Pol κ, was similar to the typical dsDNA curve in the absence of protein,
however releasing of the DNA followed a different path. A large hysteresis was produced
compared to the 100 nM trial. Hysteresis in this case likely occurs from Pol κ binding to ssDNA
and keeping the base pairs from reforming bonds during the release. This indicates that forceinduced melting facilitated Pol κ binding to DNA. It can also be that the Pol κ is a slow binder and
needs more time to reach binding equilibrium with DNA.
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Figure 45: DNA stretching curve in the absence of Pol κ (black) and stretching curve with 200 nM Pol κ
(green). Hysteresis of the green curve indicated melting of the DNA facilitates Pol κ binding.
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A single DNA molecule was then stretched successively three times in the presence of 200 nM
Pol κ (Figure 46). The first stretch with Pol κ showed no change from the initial DNA stretch.
Directly after the first stretch, a second stretch was taken and revealed a shift to the right. The
third stretch almost overlapped with the second stretch. These stretches show that it was taking
Pol κ some time to bind to DNA. Since the stretch and release did not show much hysteresis, this
indicates a similar effect observed while binding to dsDNA.
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Figure 46:A single DNA molecule was stretched three times successively with Pol κ. DNA with no Pol κ
(black), first 200 nM Pol κ stretch (green), second Pol κ stretch (orange), and third Pol κ stretch (red). The
first curve with Pol κ showed no effect while the others did, indicating Pol κ might bind slowly to DNA.

This left us with more questions than answers; does Pol κ bind to dsDNA, or ssDNA? Or does it
bind to both? The only way to know is to provide more time for Pol κ binding to reach equilibrium.
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To investigate if Pol κ is a slow binder, the step delay was increased to 5000 ms. Again with 200
nM Pol κ, the DNA was stretched (Figure 47). As the DNA was stretched, the curve was shifted to
the left, then as the molecule was released, it shifted significantly to the right with a much larger
hysteresis. The shift to the left may again indicate shortening of the DNA molecule indicating that
Pol κ binds to dsDNA. As discussed earlier, the hysteresis indicates the ssDNA binding. Combined,
these results indicate dsDNA and ssDNA binding as well as slow binding. To see if this effect was
real, the DNA was washed with buffer, then stretched again with no Pol κ. This curve (gray)
followed the same path as the typical dsDNA curve obtained before adding Pol κ, suggesting the
effect was real.

100

Force (pN)

80
60
200 nM Pol κ 200 ms Delay
200 nM Pol κ 5000 ms Delay
DNA No Pol κ
DNA Washed

40
20
0

0.3

0.4

0.5

0.6

Extension (nm/bp)

Figure 47: DNA molecule was stretched with no Pol κ (black), then stretched with a 5000 ms step delay
with 200 nM Pol κ (green), next the DNA was washed and stretched with no Pol κ (grey), and finally a 200
ms step delay stretch with 200 nM Pol κ (blue). These results indicate shortening of DNA when enough time
is given (green curve) and lengthening of DNA (blue curve) both indicating Pol κ binding to dsDNA. Both
slow (green) and fast (blue) show hysteresis while the release (dashed lines) indicates that melting of the
DNA facilitates Pol κ binding.
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A final stretch was done with the same DNA molecule at a 200 ms step delay with 200 nM Pol κ.
The stretch yielded similar results to the one obtained in the previous trial with 200 ms delay and
less effect compared to the 5000 ms delay. This again confirms that Pol κ needs more time to
reach equilibrium than what we provide during normal stretching experiments.
A variety of different effects were seen on DNA stretching curves, but no conclusions can be
made yet, more work must be done to elucidate the binding mechanism at the single-molecule
level. Although no conclusions can be drawn, Pol κ can likely bind to dsDNA and ssDNA. It is also
likely a slow binder to DNA and melting of the DNA bases may facilitate Pol κ binding.
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Conclusion and Discussions
A sequence of three chromatography columns were necessary for the purification of Pol κ. After
the expression of Pol κ with a GST tag, the GST column was first used to purify Pol κ. Then, a size
exclusion column was used. An extra peak on the chromatogram of the size exclusion column
was present ahead of the Pol κ peak. It is likely due to aggregate Pol κ, thus the size exclusion
column is crucial in purification. Finally, the cation exchange column helped to get rid of the rest
of the impurities. The resulting concentration of Pol κ after all three columns was 0.026 mg/mL
(450 µM), which is relatively low after growing 6 L of cells. This low yield may be due to the
expression of a human protein in a bacterial species. It may be better to express Pol κ in yeast
cells since they are eukaryotic organisms, like humans.
The DNA stretching curves obtained using optical tweezers in the presence of Pol κ revealed
similar trends. Pol κ was seen shortening the dsDNA in both stretching experiments obtained
with normal stretching in the presence of 100 nM Pol κ, and the slow stretching with the 5000
ms delay in the presence of 200 nM Pol κ. The jump in the force observed with the 100 nM Pol κ
stretch suggests possible looping of DNA in the presence of Pol κ. Almost all curves had hysteresis
in the presence of Pol κ, suggesting that DNA melting facilitates Pol κ binding. Some of the 200
nM stretches with 200 ms delay showed a shift to the right of the stretch. This indicates
lengthening of the dsDNA by Pol κ.
Many different effects on the stretching curves were seen with Pol κ. The shifts to the left indicate
Pol κ may bind to dsDNA and shorten it, and shifts to the right indicate that it can bind dsDNA
and lengthen it. The hysteresis suggests Pol κ binds to ssDNA or the melting of DNA facilitates Pol
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κ binding. The results seen with the slow stretches indicate Pol κ is a slow binder. More data must
be taken to form reliable conclusions about the binding mechanism of Pol κ, however, these
results provide us with a starting point. Understanding the binding mechanism of Pol κ can
provide us with a better understanding of the mechanisms of mutagenesis and possibly aid in
chemotherapeutic development. In specific types of cancer, Pol κ is known to advance the
process of cells becoming malignant (dividing uncontrollably) [24, 39]. Thus, it will be beneficial
to shut down the activity of Pol κ in cancer patients to prevent malignant cell formation.
Future directions for this work include stretching DNA in the presence of different concentrations
of Pol κ so that the binding can be quantified using binding models used in the single-molecule
methods. Additionally, different template DNA molecules can be stretched with Pol κ such as
DNA with a hairpin structure or lesions. It is also possible to examine Pol κ polymerizing by
fluorescently labeling it with the addition of all four DNA bases in buffer. This type of fluorescence
work will help us to visualize the binding of Pol κ along a single DNA molecule using a C-trap,
which is an optical tweezers combined with fluorescent imaging capabilities. These approaches
would help us to examine Pol κ polymerize in real-time and paint a better picture of Pol κ’s
binding mechanism on different DNA templates.
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